Abstract
Introduction

31
Coal seams offer great potential for carbon geo-sequestration (CGS) with the accompanying 32 benefit of recovery enhancement with carbon dioxide injection (CO 2 -ECBM) (Ozdemir, 2009 ; 
38
In the context of reservoir engineering, coalbed methane (CBM) reservoirs consist of cleats and 39 matrix pores that are saturated with water: fluid flows in large cleats according to Darcy's law ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   2   40 whereas the diffusion-driven transport of gas occurs in coal micropores. The performance of CO 2 41 for CGS or CO 2 -ECBM may be different for hydrophobic (gas-wet) and hydrophilic (water-wet) 42 reservoirs. For a hydrophobic reservoir, micropores are occupied by gas, which leads to the much 43 faster transport of the injected gas into the coal matrix. In contrast, if pores are filled with water, 44 the transport of the injected gas in a hydrophilic reservoir is very slow due to the difficulty of gas 45 diffusion through the water (Siemons et al., 2006; Kaveh et al., 2012) . Hence, it is essential to 46 quantify the wettability of coal to improve our understanding of the mechanisms of gas/water flow 47 in coal seams.
48
Several quantitative and qualitative methods were used to evaluate the wettability of rock, 49 including the contact angle measurement (Johnson and Dettre, 1969) , the Amott method (Amott, 50 1959), the USBM wettability index (Donaldson et al., 1969) , spontaneous imbibition (Bobek et al., 51 1958) , the flotation method (American Petroleum Institute, 1962), displacement capillary pressure 52 (Benner et al., 1942) and others (Meng et al., 2017) . Among these methods, the Amott, USBM 53 wettability index and displacement capillary pressure methods measure wettability by operating 54 displacement tests. However, it is extremely difficult to perform these tests in unconventional low-55 permeable samples, such as coal and gas shale (Xu and Dehghanpour, 2014; Iglauer, 2017) , which 56 thus limits their application to wettability measurements. The spontaneous imbibition rate/volume 57 test allows us to indirectly indicate the wettability of coal and gas shale (Gao and Hu, 2016) , but it 58 fails to obtain any quantitative index for wettability characterization. Similarly, the flotation 59 method, which is a fast and simplified operations measurement, is strongly influenced by coal 60 particle size and the distribution of coal powder on the water, even though it is commonly used in 61 the coal cleaning and flotation industry (Fuerstenau et al., 1987) . Moreover, determining the 62 immersion time in the flotation method is subjective and depends on personnel experience since 63 there is no explicit standard of judgment on the immersion time.
64
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(2016) measured the advancing and receding water contact angles of different rank coals using the 93 pendent drop technique. They found that the CO 2 wettability is independent of coal rank, and it 94 increases with gas pressure and decreases with temperature. In these works, the contact angle of 95 water-coal or gas-coal is measured from the profile of the water/gas bubble adhering to the surface.
96
There are two major challenges in these measurements: the first is conducting the measurement in 97 a high-pressure water/gas filled cell, and the other is that the measurement must be completed 98 quickly. However, it is problematic to perform the measurement quickly, especially for the captive 99 gas bubble technique, as it requires enough time for CO 2 to adsorb on the coal. Additionally, the 100 fast measurement may induce uncertainty in the contact angle. Moreover, for the contact angle 101 measurement by the captive gas bubble method, the dissolution of gas bubbles in water also 102 introduces inaccuracy to the results (Saghafi et al., 2014a 146   178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236 5 147 148 
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NMR measurements
152
The samples used for NMR measurements are powdered samples with coal particles of 0.18-153 0.25 mm. The powder samples were dried in a vacuum-oven at 80 °C for 6 h and then were put 154 into a special made poly-Teflon sample cell for the NMR measurement. For the powdered samples 155 in the sample cell, there are two types of pore voids: the inter-particle voids between coal particles, 156 and intra-particle porosity within individual particles. It is well-accepted that the intra-particle 157 porosity is much smaller than the inter-particle voids; thus, the intra-particle porosity can be 158 neglected. Therefore, the inter-particle void porosity of packed coal powder can be calculated by:
where is the inter-particle void porosity; V c is the volume of the poly-Teflon sample cell; m is 161 the powdered coal mass and ρ is the coal density. To keep all the samples in vials with the same 162 void porosity, the same volume of coal powder was prepared by measuring the coal density ρ and 163 coal powder weight. Then, we can obtain the same inter-particle void porosity by packing the coal 164 powder with the same volume into the same vials. In this study, the inter-particle porosity of the 165 sample, , remains constant at 30%.
166
Four series of experiments, A-D, were completed (Table 1) . For the sample preparation of the 167 series A-D, coal powder and 1 mL of distilled water were put into the sample cell, and then the 168 sample cell was wrapped with plastic sheeting to keep the surface water from evaporating and the 169 coal powder from oxidizing. First, the wrapped sample cell was placed in the NMR magnetic coil 237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295   6   170 for experiment series-A. In this series, the T 2 spectra of nine samples were measured every hour to 171 monitor the change of water in the coal. Second, experiment series-B was conducted on 6 coal 172 powder samples to study the effect of CO 2 on the water wettability. In series-B, the relative 173 changes of the T 2 spectra were measured at a constant 4-MPa CO 2 gas pressure and experimental 
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The measured contact angles for the nine samples vary from 53° to 118° (Table 3) 238 peaks, the P2 peak appears to be too small. This means that the porosity of the seepage pores is 239 relatively low in coal with a particle size of 0.2-0.3 mm (in diameter). Moreover, P2 is not 240 detected for samples WTP and TA, which may result from the fast fluid exchange between bulk 241 water and the water in the seepage pores. 
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246
The different T 2 spectrum curves for the same coal sample in Fig. 3 show different water 247 conditions within the coal sample, i.e., representing the movement of water in the coal powder 248 with time. There is a notable trend of increasing P1 and decreasing P3 after the addition of water 249 into the coal powder. Meanwhile, P3 shifts leftward (toward the fast relaxation part). This 250 suggests that the bulk water in the inter-particle space moves into the intra-particle pores, leading 251 to decreases in the area of P3 and increases in the area of P1. The changes of the P3 position 252 indicate that the bulk water between individual particles spreads to more inter-particle surfaces.
253
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Determination of coal wettability by NMR
276
The ultimate normalized T 2g of P3 has a positive linear correlation against the measured 277 contact angles for coal discs (Fig. 5) . As shown in this figure, a smaller ultimate normalized T 2g of 278 P3 value in the equilibrium state corresponds to a more water-wet coal sample. In contrast, a 279 larger ultimate normalized T 2g of P3 value relates to a less water-wet coal. This is because for 280 stronger water-wet coal, a large surface wettability force drives the water in the inter-particle 281 space accesses into more coal particle surfaces. In this situation, the migration of water is 282 represented by the leftward movement of T 2 distribution and a smaller T 2g value. We use the 532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590 11 288 δ sg -δ ls =δ lg cosθ (4) 289 where δ lg is the gas-water interfacial tension; δ sg is the gas-solid interfacial tension; δ ls is the solid-290 water interfacial tension and θ is the contact angle of water on the solid surface. In Eq. (4), δ sg -δ ls 291 is defined as surface wettability tension, which is the driving force of water migration on coal 292 particle surfaces.
294
Fig. 5. The correlation between contact angles and ultimate normalized T 2g of P3 after the addition of water.
296
As mentioned above, for all samples, the inter-particle porosity and coal particle size are the 297 same. Therefore, the different water spreading among coal powder results from different surface 298 wettability tension for the coal samples. Moreover, the δ lg remains constant for different coal 299 samples at the same conditions (temperature, pressure and media). Thus, there is a negative 300 correlation between surface wettability tension and θ. For stronger water-wet coal with a small 301 contact angle, a large surface wettability force drives the water to spread onto more coal particle 302 surfaces. When the water in the inter-particle space spreads on more particles, the T 2 relaxation is 303 influenced more by surface relaxation and leads to the T 2 value becoming smaller. Conversely, in 304 the weaker water-wet coal powder, the water spreads to less coal particle surfaces, leading to 305 slighter T 2 changes. Therefore, the changes of the T 2g of P3 show a positive correlation with 306 surface wettability tension. Note that the gravity effect can be neglected for different coal powders 307 because we used the same inter-particle porosity, coal particle size and experimental operations in 308 this study.
309
As shown in Fig. 5 , the contact angle of water on the coal surface, θ, could be correlated as a 591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649 12 317 credibility of the proposed model. In this study, we chose sample SJZ to repeat the NMR 318 experiments at 25 °C. Two groups of reproducibility experiments were conducted for coal sample 319 SJZ ( Fig. 6a and 6b) . Figure 6c compares the results from the two reproducibility experiments 320 with those from experiment series-A. As shown in Fig. 6c 
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However, there are two key uncertainties in the NMR wettability measurements. The first is 329 related to the change in the coal mineral content during grinding and sieving. Jayaweera et al.
330
(1989) concluded that ash content varied among different particle sizes, i.e., the ash content 331 increased with decreasing mean particle diameter results from sieving method. In this study, we 332 crushed and sieved using different size mesh sieves to get different size coal powders, and the 333 remaining material on the topside sieve was crushed and sieved again. This procedure was 334 continued until the whole portion eventually passed through the sieves. During the process of 335 sieving, the minerals went through the sieves to smaller-sized coal powder. Thus, the mineral 336 contents in the specific coal powder are slightly less than those of the raw coal samples. Another 337 uncertainty is the coal oxidation during the 72-hour experiment. Although it is unavoidable, we 338 attempted to keep the coal powder sample from oxidizing by accelerating the grinding operation 650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707 
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In experiment series-B, six representative samples were selected from the nine coal samples in 347 experiment series-A. The coal powders were kept in 4 MPa CO 2 after the addition of water, and 348 then the T 2 spectra were measured to research the water wettability after the CO 2 treatment. Figure   349 7 shows the changes of the T 2 spectra after the water addition in CO 2 for the samples. Like the 350 peak changes in experiment series-A, P1 increases and P3 decreases for all samples. Moreover, (Fig. 8) . As discussed in the previous section, the increase of T 2g indicates that the 354 spread of water on coal particle surfaces becomes weak for all samples in CO 2 .
355
Experiment series-C and series-D were carried out to investigate the effect of pressure and 356 temperature on the wettability changes of coal resulting from CO 2 injection. Figure 9 shows the T 2 357 spectra changes with time for samples SYQ and WTP under 2 MPa, 4 MPa and 6 MPa CO 2 .
358 Figure 10 shows the changes of normalized T 2g of P3 with time after the addition of CO 2 at 359 different pressures. With pressure increasing from 2 MPa to 6 MPa, the normalized T 2g of P3 360 increases. The higher CO 2 pressure has a greater effect on the water spread on coal particle 361 surfaces for both the bituminous and anthracite coals, which indicates that the high CO 2 pressure 362 shows a positive effect on the decreases of water-wetting.
363 Figure 11 shows the change of T 2 spectra for samples FK and GH with time at 25 °C, 35 °C and 364 45 °C. With increasing temperature, the change ranges of the P3 area and position become larger.
365
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The results of experiment series-B show that the T 2g of P3 increases with CO 2 injection and 392 varies with different coal rank. Using Eq. (5) and the ultimate normalized T 2g of P3, we can obtain 393 the contact angle of water in the 4-MPa CO 2 condition. As shown in Table 4 , the contact angle of 394 water increases with CO 2 injection, indicating that water wettability becomes weak for both 395 anthracite and bituminous coals after being exposed to CO 2 . However, the degree of change in 396 wettability varies, and it is defined by the difference of the water contact angle between 886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932  933  934  935  936  937  938  939  940  941  942  943  944 17 397 experiment series-A and series-B (∆θ) ( Table 4) . The ∆θ is correlated with the CO 2 adsorption capacity, vitrinite content, fixed carbon content,
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